A fundamentally mode-locked soliton Er-fiber laser generating 167 fs pulses at 194 MHz via polarization additive-pulse mode locking is demonstrated. This simple, compact, and high repetition rate source exhibits a low timing jitter of 18 fs ͓1 kHz, 10 MHz͔ and the lowest relative intensity noise of less than 0.003% ͓1 kHz, 10 MHz͔ observed from an Er-fiber laser.
A fundamentally mode-locked soliton Er-fiber laser generating 167 fs pulses at 194 MHz via polarization additive-pulse mode locking is demonstrated. This simple, compact, and high repetition rate source exhibits a low timing jitter of 18 fs ͓1 kHz, 10 MHz͔ and the lowest relative intensity noise of less than 0.003% ͓1 kHz, 10 MHz͔ observed from an Er-fiber laser. © Femtosecond fiber lasers have attracted great attention in recent years due to their excellent stability, small size, alignment insensitivity, and low cost. Tremendous progress has been made in shortening pulse durations and increasing pulse energies from fiber lasers both at the 1.0 and 1.5 m ranges: stretchedpulse Er-fiber lasers (ErFLs) routinely generate sub-100 fs pulses with a few nanojoules (nJ) of pulse energy at fundamental repetition rates of 40-80 MHz [1] . Similariton Yb-fiber lasers generate sub-100 fs pulses with over 5 nJ of pulse energy at typical fundamental repetition rates of 30-50 MHz [2] . However, the large gain of Yb fiber enables strong nonlinear polarization rotation (NPR) per unit length, which then permits the fundamental repetition rate of Yb-fiber lasers to be scaled up to as high as 200 MHz [3] .
To date, the NPR required for polarization additive-pulse mode locking (P-APM) typically has limited the fundamental repetition rates of ErFLs to typically below 100 MHz, with the highest repetition rate of 108 MHz reported [4] . Because active mode locking does not produce pulses significantly shorter than 1 ps, femtosecond ErFLs with higher repetition rates ͑Ͼ100 MHz͒ are usually achieved using short cavities with semiconductor saturable absorbers [5] or harmonic mode locking. The latter approach could perhaps achieve low jitter operation with an intracavity Fabry-Perot etalon for supermode suppression; but to our knowledge this has only been demonstrated with picosecond semiconductor lasers [6] . Furthermore, stabilization of the etalon to the laser cavity repetition rate adds significant complexity to the laser system and reduces its robustness.
Low timing jitter, low relative intensity noise (RIN), and high repetition rate femtosecond ErFLs are desirable for many applications, such as femtosecond laser frequency comb generation for frequency metrology and arbitrary optical waveform generation, timing and frequency distribution via optical fiber links, and high-speed optical sampling. The highest fundamental repetition rate from a femtosecond ErFL mode-locked solely via P-APM is less than 80 MHz [7] .
In this Letter, we present a systematic scaling of the fundamental repetition rate of a P-APM soliton ErFL [8] to 194 MHz with a pulse duration of 167 fs. This laser has very low timing jitter and superior RIN performance compared with stretched-pulsed ErFLs with lower repetition rates. To the best of our knowledge, this is the highest fundamental repetition rate and shortest pulse duration obtained from a P-APM soliton ErFL and the lowest RIN reported from a fiber laser.
The experimental setup is shown in Fig. 1 . A 50 cm long highly doped gain fiber with cumulative anomalous group-velocity dispersion (GVD) of D 2 = −10,000 fs 2 is located after the polarization beam splitter to maximize the NPR in the subsequent single-mode fiber (SMF). The Er fiber is counterpumped through a 980 nm/ 1550 nm wavelength division multiplexing (WDM) coupler by two polarization-multiplexed 500 mW diodes. All other fibers in the cavity are SMFs with a cumulative GVD of D 2 = −20,000 fs 2 . The WDM coupler leads and one collimator lead are each 10 cm in length; the length of the other collimator lead ͑X͒, initially 170 cm long, was cut back gradually to 10 cm to scale the repeti- tion rate from 74 to 194 MHz. Half-wave and quarterwave plates are used for polarization adjustment. Mode locking is initiated and stabilized by P-APM.
At 194 MHz, mode locking is self-starting at a pump power of 700 mW. Single-pulsed mode-locked operation is maintained with the pump power as low as 450 mW, resulting in an output power of 30 mW and an estimated intracavity power of 60 mW. Figure  2 shows the laser output spectra for different fiber lengths with repetition rates ranging from 75 to 194 MHz. The pulse duration directly from the laser reaches 167 fs at a repetition rate of 194 MHz as shown in the interferometric autocorrelation trace in Fig. 3(a) .
Because the nonlinear coefficient of the gain fiber is similar to that of the SMF, and its anomalous dispersion is only half that of the SMF, soliton formation causes the pulse spectrum to broaden and duration to shorten as the cavity is shortened. The resonant sidebands due to periodic perturbations by the cavity are characteristic of solitonlike pulse formation [9] , and their positions agree with the dispersion measurements and assumed intracavity power levels. As expected from soliton theory, the separation of the resonant sidebands increases as the cavity is shortened while the soliton phase shift is approximately constant, which further tolerates the wider mode-locked spectrum. The two combined effects, shortening of the pulse duration while reducing the pulse energy, keep the soliton nonlinear phase shift constant per round trip and enable the generation of the shortest pulse duration from a P-APM soliton ErFL. Due to the short cavity length, the mode locking is very robust against environmental disturbances compared with lower repetition rate P-APM fiber lasers.
The RIN of the laser was measured and compared with the RIN of its 980 nm pump laser and that of a stretched-pulse ErFL, as shown in Fig. 3(b) . Care was taken to ensure that the same electronic measurement setup and configuration was used for all three measurements. The optical power was attenuated by a neutral density filter to an average optical power level of 0.5 mW on the photodetector to avoid intensity saturation of the photodiode. The photodetector is an unbiased, 50 ⍀ terminated EOTech ET3020 large area InGaAs detector. The electrical output from the photodetector was first amplified by a battery-operated low noise preamplifier, and then by a battery-operated Stanford Research System SRS560 amplifier. An Agilent 89410A vector signal analyzer was used to measure the power spectral density of the output of the second stage amplifier. The noise floor of the Agilent 89410A vector signal analyzer is ϳ9 nV/ͱ͑Hz͒, and the noise floor of the preamplifier is ϳ17 nV/ ͱ͑Hz͒ over the frequency range of 10 kHz to 1 MHz. The cascaded electronic amplifiers have a total amplification of 100 and an effective corner frequency of the low-pass filtering of 1 MHz.
The reference stretched-pulse ErFL is operated at a repetition rate of 46 MHz, located on a similar optical table, and pumped by a 980 nm pump diode of the same model as that used in the 194 MHz soliton ErFL. The measured RIN of the stretched-pulse ErFL was 0.03% integrated from 1 kHz to 1 MHz. This agrees with the measurements of other similar stretched-pulse ErFLs [10] and validates the accuracy of the described RIN measurements. The measured 980 nm laser diode is the pump diode of the 194 MHz soliton laser. The frequency-resolved RIN spectra of the 980 nm pump diode exhibits the typical white-noise characteristics of semiconductor diodes. This white noise would extend to the relaxation oscil- lation frequency of the laser diode, were it not for the low-pass filtering from the electronic amplifiers.
Compared with the stretched-pulse ErFL, the 194 MHz soliton ErFL has excellent RIN performance. Above 100 Hz, the noise power of the soliton ErFL is below the noise floor of the measurement setup and is at least 2 orders of magnitude lower, which gives an upper bound of the integrated RIN of 0.003% from 1 kHz to 1 MHz. The large noise peak at 30 Hz, found in the RIN spectrum of the 194 MHz soliton laser and its pump diode, is due to the cooling fan on the pump diode controller chassis, which was rotating at approximately 15 rps. Inside the motor, the slip rings disconnect and change their polarities twice every rotation, inducing a 30 Hz electromagnetic field that couples into the pump diode current. A similar spike at 22 Hz is also visible in the RIN measurement of the 46 MHz stretched-pulse ErFL, which is pumped by a different diode on a different diode controller chassis.
The improved noise performance of the soliton laser can be traced back to the higher repetition rate and the solitonlike pulse formation. Soliton formation leads to strong inverse saturable absorption in the energy dynamics of the laser. Specifically, soliton pulses with higher energy will have a shorter duration, a wider spectrum, and thus will experience more loss from gain filtering. This mechanism leads to a shorter pulse energy relaxation time. Together with the higher repetition rate, which is known to reduce laser intensity fluctuations [11] , this mechanism substantially reduces the laser intensity fluctuations. The stretched-pulse and similariton lasers, which were invented to circumvent the soliton energy limitations imposed by nonlinearity, do not benefit from this energy stabilization mechanism. The observed factor of a Ͼ10 decrease in the soliton laser RIN can be partially attributed to a factor of 4 increase in repetition rate, leaving a factor of Ͼ2.5, which is due to this energy stabilization effect.
The timing jitter was also measured for the 194 MHz soliton ErFL. Figure 4 shows the phase noise of the seventh harmonic ͑1.358 GHz͒ of the laser measured with an HP5052a signal source analyzer. The timing jitter progressively integrated starting from 10 MHz down to 1 Hz is also shown. The timing jitter integrated from 1 kHz to 10 MHz is 18 fs.
Both the RIN and the timing jitter measurements indicate that the 194 MHz soliton ErFL has superior noise performance above 1 kHz, making it a promising candidate for ultralow jitter and intensity noise applications. The timing jitter below 1 kHz can be removed by controlling the length of the free-space section via a piezoelectric actuator and locking to a microwave frequency standard with greater long-term stability. The intensity noise below 1 kHz can also be reduced further by direct feedback onto the pump diodes. However, these approaches cannot compensate for noise above ϳ10 kHz due to component bandwidth limitations. Thus, a femtosecond fiber laser source with ultralow noise behavior above the single kilohertz range opens up opportunities to produce femtosecond fiber laser sources with extremely low noise performance approaching the quantum limit. The quantum-limited timing jitter for the 194 MHz soliton laser in the frequency interval ͓1 kHz, 10 MHz͔ is estimated to be 5 fs.
In conclusion, we have demonstrated extremely low timing jitter and intensity noise, 167 fs pulse generation directly from a P-APM soliton ErFL with a fundamental repetition rate of 194 MHz. This laser exhibits superior noise performance and has the lowest RIN and one of the lowest rms timing jitters reported to date from fiber lasers. External cavity repetition rate multiplication may also be used to further extend the range of applications for this laser in optical sampling, femtosecond timing distribution, and optical arbitrary waveform generation. 
